Although repetitive Transcranial Magnetic Stimulation (rTMS) in treatment of stroke in humans has been explored over the past decade the data remain controversial in terms of optimal stimulation parameters and the mechanisms of rTMS long-term effects. This study aimed to explore the potential of different rTMS protocols to induce changes in gene expression in rat cortices after acute ischemic-reperfusion brain injury. The stroke was induced by middle cerebral artery occlusion (MCAO) with subsequent reperfusion. Changes in the expression of 96 genes were examined using low-density expression arrays after MCAO alone and after MCAO combined with 1Hz, 5Hz, continuous (cTBS) and intermittent (iTBS) theta-burst rTMS. rTMS over the lesioned hemisphere was given for two weeks (with a 2-day pause) in a single daily session and a total of 2400 pulses. MCAO alone induced significant upregulation in the expression of 44 genes and downregulation in 10. Two weeks of iTBS induced significant increase in the expression of 52 genes. There were no downregulated genes. 1Hz and 5Hz had no significant effects on gene expression, while cTBS effects were negligible. Upregulated genes included those involved in angiogenesis, inflammation, injury response and cellular repair, structural remodeling, neuroprotection, neurotransmission and neuronal plasticity. The results show that long-term rTMS in acute ischemic-reperfusion brain injury induces complex changes in gene expression that span multiple pathways, which generally promote the recovery. They also demonstrate that induced changes primarily depend on the rTMS frequency (1Hz and 5Hz vs. iTBS) and pattern (cTBS vs. iTBS). The results further underlines the premise that one of the benefits of rTMS application in stroke may be to prime the brain, enhancing its potential to cope with PLOS ONE |
Introduction
based on the modulatory effects of rTMS in healthy subjects. However, there is no real evidence to suggest that this is always the case because the susceptibility to the conditioning effects of rTMS may well depend on the underlying pathology. Finally, it is apparent that the long-term clinical improvements caused by rTMS cannot be entirely explained by immediate electrophysiological processes caused by rTMS. Rather, processes beyond instantaneous electrophysiological modulation of neuronal activity related to adaptive changes in gene expression may be involved in sustaining rTMS effects.
This study primarily aimed to examine whether different rTMS protocols have differential effects on gene expression in lesioned cortices after ischemic-reperfusion brain injury. Thus, we examined the effects of four standard rTMS protocols (1Hz, 5 Hz, cTBS and iTBS) on functional recovery and changes in gene expression in lesioned rat cortices with subacute cerebral ischemic-reperfusion injury induced by middle cerebral artery occlusion (MCAO). We assessed changes in the expression of 98 genes known to be altered by stroke, as well as those potentially involved in promoting recovery after stroke, with real-time RT-PCR after two weeks of rTMS.
Methodology

Ethics statement
All experiments and procedures were carried out according to the National Institute of Health (NIH) guidelines for the care and use of laboratory animals and approved by the appropriate local or national ethics board (permit number A06/11 from the Animal Ethics Committee of the College of Medicine and Health Sciences, UAE University). All animals were singly housed in cages under standard conditions (12 hour light-day cycle) with free access to water and food before and after all procedures. All efforts were made to minimize animal suffering and to reduce the number of animals used.
Animals and experimental groups
A total of 149 male Wistar rats weighing 260-270 g were used for this study. Out of 104 animals that underwent middle cerebral artery occlusion-reperfusion (MCAO), 87 rats survived, providing a survival rate of 84%. Excluded from the experiment were rats not showing hemiplegia, neurological deficits (at 48 hours, see later behavioral testing) or a clearly visible infarcted area two weeks after MCAO (n = 6). Consequently, 81 rats were randomly assigned to the following nine MCAO groups (n = 9 animals/group): four rTMS MCAO groups (1 Hz, 5Hz, cTBS and iTBS stimulation groups), four rTMS MCAO sham-stimulated groups (ShSTIM) using the same rTMS protocols, and one MCAO group. In addition, 18 animals were used in control (CON) (n = 9) and sham-operated (ShMCAO) group (n = 9). The remaining animals (n = 27) were used to assess the stroke volume, as will be discussed later.
MCAO surgery
We used a unilateral middle cerebral artery occlusion (MCAO) model of brain infarction described in previous studies, with minor modifications. Anesthesia was administrated as an intramuscular injection, a combination of ketamine (110 mg/kg) and xylazine (10mg/kg) (Troy Laboratories, NSW, Australia). When necessary, this anesthesia was followed with maintenance doses depending on the reflex withdrawal response and breathing rate. Artificial tears ointment was applied to the animals' eyes for protection and lubrication. Using a homoeothermic blanket control unit and feedback-regulated heating lamps, the animals' temperature was monitored and maintained between 37 and 37.5°C during and immediately after the surgical procedure. A midline neck incision of the skin was performed to reveal the left common, external (ECA) and internal (ICA) carotid artery. A 4-0 monofilament nylon suture with a silicon coated tip (Doccol Co-operation, Redlands, CA, USA) was introduced through a small incision in ECA and advanced into the ICA occluding the origin of the middle cerebral artery. After 90 minutes of occlusion, the monofilament was removed and the ECA permanently tied. The animals were then placed in individual cages and carefully monitored until they started drinking and eating spontaneously. Sham-operated animals were treated similarly except for the MCAO.
Behavioral testing
Functional deficits after MCAO and rTMS were assessed by rating the severity of deficits with a series of simple neurological tests combined into a composite Behavior Deficit Score (BDS) [31] . BDS included walking initiation, spontaneous circling, rotation, righting, tail hang, paw placement, horizontal bar and postural reflexes. Each test was scored on an ordinal scale, based on a set of pre-determined criteria described elsewhere [31] [32] [33] with total BDS ranging from 0-21, where 0 indicates fully expressed deficit and 21 corresponds to normal animal. In order to reduce variance and increase data reliability the tests were repeated twice to three times, depending on the test [34] . Functional deficit was also scored on a modified 0-5-point Bederson scale (BS) [35] . BS expresses the degree of gross neurological impairment on an ordinal scale, where 0 indicates no deficit, 1 indicates mild forelimb weakness, 2 indicates severe forelimb weakness and consistent rotation to the side of deficit when lifted by tail, 3 indicates spontaneous circling or walking to the contralateral side, 4 indicates walking only when stimulated or depressed level of consciousness, and 5 signifies animal unresponsive to stimulation. MCAO animals that received a score of 0 (i.e. no deficit) at 48 hours post-occlusion were excluded from the study. Behavioral changes were evaluated 24 hours before (-24h) and 48 hours after MCAO (48h), as well as after the last rTMS session 17 days after MCAO (17d) (see Fig 1) . The examiner performing behavioral testing was blinded for the stimulation (real vs. sham) and MCAO (real vs. sham-operated).
Stroke assessment
To assess the size of lesioned area and the consistency of the stroke size brains from randomly selected animals with MCAO (n = 6) were stained 48 hours later using triphenyl tetrazolium chloride (TTC) stain. In addition, TTC staining was used to confirm the absence of lesion in sham-operated animals (n = 3). To assess the effects of rTMS on the size of lesioned area additional 14 animals were randomly assigned into MCAO (n = 7) and iTBS (n = 7) group and their brains stained on day 17. For TTC staining, the animals were guillotined, the brains were dissected out and 2mm coronal slices were cut using a brain matrix (Braintree Scientific, MA; USA). The slices were then stained with 2% TTC (Sigma Inc.), dissolved in saline for 30 min at 37°C. The slices were then fixed in 10% formalin overnight. Each section was scanned using a stereomicroscope (Leica MZ16A, Heerbrugg; Switzerland), and the size of the pale injured area versus deep red color non-injured area was marked and calculated using the indirect method [36] (Leica Application Suite v 3.0, Heerbrugg; Switzerland).
To further confirm the character of the MCAO immunohistochemistry for parvalbumin, calbindin and calretinin was performed on free floating sections (n = 4). Initially, rats were perfused using 4% paraformaldehyde 2 hours after termination of rTMS. Brains were cut coronally at 70μm thickness using a vibratome. Brains sections were incubated with polyclonal rabbit anti-parvalbumin (Cat #PV-25; Swant, Switzerland; 1:20,000), polyclonal rabbit anti-calbindin (Cat# D-28K; Swant, Switzerland; 1:20,000) and polyclonal rabbit anti-calretinin (Cat# 7699/ 3H; Swant, Switzerland; 1:10,000) overnight. After rinsing in phosphate buffered saline PBS, the sections were incubated in biotinylated goat anti-rabbit IgG (1:500) for 1 hour then in extravidin perioxidase conjugate (Sigma, 1:1000) for another hour. To visualize immunoreactivity the sections were incubated for 5 minutes in a solution of 25 mg diaminobenzidine (DAB) in 50 ml 0.1 M phosphate buffer (PB, pH 7.4) with 7.5μl hydrogen peroxidase (30%) and 1 ml nickel chloride (3.5%) added to intensify the reaction. Finally the sections were rinsed in PB and mounted on gelatin coated slides. Later sections were dehydrated in alcohol, cleared in xylene and mounted with DPX. All antibodies were diluted in PBS containing 0.3% triton.
rTMS and experimental groups
Four rTMS protocols were used: 1Hz, 5Hz, cTBS and iTBS. During the stimulation, rats were un-anesthetized, wrapped with their eyes partly covered with a thick cloth and gently restrained on a platform with Velcro straps. To reduce stress related to handling, restraining, and stimulation, rats were familiarized to these conditions (including rTMS noise) one week prior to surgery. rTMS was started 3 days after MCAO ischemic injury (Fig 1) . Rats were stimulated once per day, between 9 and 11 am, for 10 days (two weeks with a 2-day break) using the standard figure-of-eight coil (MagPro Magnetic Stimulator, Farum, Denmark), positioned and oriented to induce synaptic activity in most cortical areas of the left hemisphere [37] . Initially, the motor threshold was grossly estimated by adjusting the stimulation intensity for each animal so that it barely evoked twitches of hind limbs and body muscles [38] . Thereafter, the stimulation was increased by 10%. The mean stimulus strength was 30.0±1.5% of maximal stimulator output strength (range 28-32%). The motor threshold was randomly checked at the beginning of the stimulation session for each animal. There were no significant changes in thresholds between stimulated groups during the course of the experiment. The selected stimulation intensity did not induce any visible discomfort to the animals; they remained generally restful throughout the experimental sessions.
The animals in each rTMS group received 2400 pulses per day. The number of pulses was chosen to mimic, as closely as possible, the stimulation rTMS protocols used in human studies. To exclude the potential effects of duration, the daily stimulation protocol was divided into four blocks, with 600 pulses/block. The time between the blocks was adjusted to keep the total duration of stimulation between 50 and 55 min for all protocols. In 1 Hz rTMS protocol four 10 minute blocks, with a four-minute pause in-between were given, while in 5 Hz rTMS protocol a continuous 2 min stimulation repeated at 15 min intervals was given. In iTBS, four blocks of ten 50 Hz bursts (3 pulses each), repeated 20 times at 5Hz intervals (600 stimuli), were given at 15 min intervals. For cTBS, the same burst ( 
Low-density gene expression array
Animals were guillotined and brain tissue was immediately placed in RNAlater (AM7021, Applied Biosystems, Carlsbad, CA, USA) and kept overnight at 4°C to allow thorough penetration of the tissue. Subsequently, a block of tissue a few millimeters thick was taken after the brain was coronally transected with a scalpel. The area from which the tissue was taken was determined according to each animal's individual distribution of infarction. This area was easily detectable two weeks after MCAO, as the infarcted area had a clearly different color (whitened) from the rest of the tissue. Typically, the samples included the peri-infarct area (outer borders of the infarction also containing some healthy tissue), and a small portion of the infarcted area. We also sampled brain tissue from the contralateral hemisphere homologous to the infarct area and the peri-infarct area. Tissue samples were then frozen at -80°C pending further processing. Isolation of total RNA from the tissue was performed using the SV Total RNA Isolation System (Promega, Madison, WI; USA) according to the manufacturer's instructions. We determined the concentration and purity of the RNA samples by measuring the absorbance at 260 nm (A260) and the ratio of the absorbance at 260 and 280 nm (ND-1000 NanoDrop). We performed gene expression analysis using custom pre-loaded Taqman Low Density Arrays (TLDA) (Format 96a, Applied Biosystems, Foster City, CA; USA) under universal cycling conditions (10 min 95°C, 40 cycles of 15 s at 95°C and 60 s at 60°C). We loaded assays on the TLDA panel with cDNA samples from each individual animal. Each port on the TLDA was loaded with 50μl of cDNA at a concentration of (4ng/μl) and 50μl of 2X Master Mix. Table 1 shows the target genes surveyed in the plates. We selected the reference gene by examining the representative samples from each group. The 18S gene showed the highest stability of expression across groups (mean cycle number of 11.85±0.42). We selected a calibrator from the sample with the lowest Ct value, from the control sample for control vs. MCAO comparison and from the MCAO sample for MCAO vs. rTMS treatment comparison. Data were analyzed using the comparative CT (2 -ΔΔCt ) method with a relative quantification RQmin/RQmax confidence set at 95% [40] .
Quantitative PCR
To confirm changes seen on low density arrays, we analyzed changes in expression of selected single genes by quantitative PCR (qPCR) using TaqMan gene expression assays (Applied Biosystems, Carlsbad, CA). We performed the reactions according to standard protocols, using the following gene expression assays: Gria2, BDNF and Gabbr1. We used 18S rRNA as a control, and ran each cDNA sample (n = 4/gene) in triplicate. Control wells with no template were included on each plate to check for contamination. Data were analyzed as described above using the comparative CT (2 -ΔΔCt ) method.
Statistics
Data were evaluated for normality. Physiological data were analyzed by mixed factor ANOVA. The difference in infarct volume between MCAO and iTBS treated animals was analyzed using two-tailed unpaired student's t-test. The difference in neurologic deficits on 5-point interval scale (BS) at 48h, between groups with and without MCAO were evaluated using Kruskal-Wallis H test. Changes in neurological deficits assessed by BDS score as categorical variable were analyzed in two nested trials using regression (analysis of covariance). The first trial sought to study the effects of MCAO on BDS before stimulation at 48h. For this BDS scores were regressed on MCAO, and their corresponding baseline values at -24h. The second trial aimed to examine the effects of rTMS on BDS after stimulation, i.e. at 17d. For this BDS at 17d were regressed on the categorical variable stimulus and their corresponding "baseline" value at 48h (only for groups with MCAO). Post-hoc comparison was done using Tukey's method in order to adjust for multiple comparisons.
We separated the statistical analysis of changes in gene expression (RQ values) into two parts, one comparing changes between the control, stroke and sham-stroke groups and one comparing changes between the stroke, rTMS and sham-stimulated groups. All changes in RQ values for all groups were initially examined for outliers; if present, they were excluded. We applied a one-way Welch ANOVA (robust test of equality of means) because in all but two of the examined genes, the assumption of homogeneity of variances was violated (Levene's Test of Homogeneity of Variance p<0.05) and because the RQ values for the majority of genes were not normally distributed (Shapiro-Wilk test of normality p<0.05). To rigorously control for multiple comparisons, the Welch ANOVA was followed by a Games-Howell post-hoc test for multiple comparisons. Changes were considered significant if p<0.05. In order to reduce the number of groups for comparison, the gene expression data and the BS and BDS data on functional deficits from all shamstimulated groups were combined into a single sham-stimulated group.
Results
Physiological data
All results are given as the mean ± SEM. There were no significant differences (mixed factor ANOVA p<0.05) between the ShMCAO, MCAO, ShSTIM and rTMS groups during surgery (rectal temperature of ShMCAO = 36.8±0.1°C, MCAO = 36.7±0.15°C, ShSTIM = 36.9±0.15°C, and all rTMS groups = 36.8±0.15°C) or during the recovery period (rectal temperature of ShMCAO = 36.6 ±0.15°C, MCAO = 36.5±0.15°C, ShSTIM = 36.6±0.15°C, and all rTMS groups = 36.6±0.1°C).
Assessment of the stroke and the effect of iTBS on stroke volume
On average the stroke involved 41.2% (range 40.3-44.6%, n = 6) of the left hemisphere total volume at 48h. TTC staining revealed significant brain damage that included the entire MCA territory in the parietal cortex. The injured areas typically involved cortices (frontal, parietal, temporal and parts of the occipital), striatum and parts of the thalamus and hypothalamus of the left hemisphere (Fig 2A) . There was no visible lesion in sham-operated animals (n = 3).
Immunostaining was performed to further verify the MCAO and was in accordance with previously reported results. In brief, immunostaining of sections of the contralateral non-ischemic hemisphere showed no Tnf immunoreactivity whereas Iba1-positive cells showed ramified morphology of non-activated microglia and astrocytes with Gfap positive processes. In comparison, on the lesioned side the Tnf immunoreactivity was remarkably up-regulated with activated astrocytes and microglia in the peri-infarct zone (Fig 2B) . The triple immunofluorescence labeling showed that Tnf immunoreactive processes were also Gfap positive (marker of astrocytes) but none of them were Iba1 positive (marker of microglia) confirming that Tnf was up-regulated in astrocytes and not in microglia.
Finally, to assess the effects of rTMS on the size of the infarcted area, in a separate group of animals (n = 14), brains were TTC stained after two weeks of iTBS (17d) and compared to MCAO only group. On average, at 17d the infarcted area involved 43.8% (range 41.3-46.6%, n = 7) of the left hemisphere's total volume in MCAO animals. iTBS applied for two weeks had 
The effect of MCAO and rTMS on behavior
In terms of the 5-point neurological scale (BS) there was a significant change in median score in MCAO groups (1Hz, 5Hz, cTBS, iTBS, ShSTIM) compared to groups without MCAO (CON and ShMCAO) at 48h (p<0.0005 Kruskal-Wallis H test). The median BS was 3 in MCAO group, while in non-MCAO group it was 0. Similarly, the dependence of BDS on baseline values at 48h was highly significant (p<0.0005). MCAO reduced the median 21 point neurologic deficit score (BDS) by 6.8 points at 48 hours (Fig 3) . The second trial analysis of BDS at 17 days, showed highly significant effect of rTMS (F (1, 19 .153) = 2201.023, p<0.0005). cTBS and iTBS performed significantly better, improving BDS in stimulated groups, compared to MCAO, by 2.45 (p<0.0005) and 4.5 (p<0.0005) points, respectively.
Changes in gene expression following MCAO
The initial analysis compared changes between the stroke and sham-operated groups using the control group as a calibrator. Out of the 96 genes, nine were not amplified and were excluded from the analysis. MCAO induced significant change in the expression of 54 genes, out of which 10 were significantly downregulated, and 44 significantly upregulated (Fig 4A) . 
We conducted a one-way ANOVA to determine if MCAO induced changes in expression of genes. We initially assessed the data for outliers by inspecting the boxplot, and we assessed the normality through a Shapiro-Wilk test. For all genes, in all three groups, the expression was normally distributed, except for the following genes: Atf3, Btg2, Gadd45b, Irf1 in the ShMCAO group, as well as Drd2 in both control and ShMCAO group (Shapiro-Wilk test, p<0.05). Fold-changes in mRNAs (RQs) of all genes that showed significant changes in expression after MCAO using the control group (CON) as a calibrator (A) and of all genes that showed significant changes in expression after two weeks of rTMS using the MCAO group as a calibrator (B). Table 1 illustrates the homogeneity of variances for each gene, as assessed by Levene's test of homogeneity of variance. Considering that the assumption of homogeneity of variances was violated for several genes, we conducted a one-way Welch ANOVA to determine if gene expression differed between the groups. Group differences were examined by Games-Howell post-hoc test for multiple comparisons (see Table 1 , group difference column). In this study, changes in gene expression were comparable to those reported earlier [41] [42] [43] . Highly-regulated genes were those related to inflammation, response to injury, brain ischemia, and regulation of angiogenesis, while no significant changes were found among genes related to neurotransmission and plasticity. The highly upregulated genes included Adm (15-fold), Angpt2 (26-fold), Atf3 (24-fold), Cxcr4 (8-fold), Gfap (15-fold), Gpx2 (6-fold), Hmox1 (17-fold), Irf1 (13-fold), Junb (5-fold), Mmp19 (34-fold), Mmp2 (15-fold), Myc (7-fold) and Tnf (6-fold). The highly downregulated genes included Bdnf (2.5-fold), Fos (3.3-fold) and Jun (5-fold).
Changes in gene expression following rTMS
We conducted a one-way ANOVA to determine if rTMS induced changes in gene expression after MCAO and if they depend on the rTMS protocol. Similar to the previous analyses, we initially assessed the data for outliers by inspecting the boxplots and assessed normality with the Shapiro-Wilk test. Only the expression of 8 genes was not normally distributed in one of the groups (Shapiro-Wilk test, p<0.05). The expression of all other genes had normal distributions in all groups. Table 2 shows the homogeneity of variances for each gene (Levene's test of homogeneity of variance). Because the assumption of homogeneity of variances was violated for majority gene expression, a one-way Welch ANOVA was conducted to determine if the expression of genes differed between the groups. This test was followed by a Games-Howell post-hoc test for multiple comparisons (see Table 2 , group difference column). Table 2 shows the results of the F statistics. rTMS induced significant upregulation in expression of 52 genes (see also Fig 4B) , while none showed significant downregulation. The majority of changes in gene expression were found after iTBS. Here, only the major changes will be summarized in textual form. Amongst the genes involved in angiogenesis, whose expression was upregulated by MCAO alone, only Bai1, a p53-dependent angiogenesis inhibitor, showed further significantly increased expression after iTBS, while other genes were not significantly affected by rTMS, including Angpt1 and Angpt2, Atf3, Cxcl12, Cxcr4, Eng and Fgf2. Interestingly, Vegfa, an angiogenesis activator, was not altered by MCAO but significantly upregulated by iTBS. With the exception of Tnf, none of the genes related to inflammation and injury showed further significant changes following rTMS though they were upregulated by MCAO (Bag3, CryaB, Gpx1, Gpx2, Hmox1, and Irf-1).
Several genes involved in neuroprotection, repair and tissue remodeling showed increased expression after MCAO and were further upregulated by rTMS. Expression of Creb1, Epn2 and Junb increased after iTBS, and Plat increased after cTBS. Genes that showed no change in expression after MCAO but were upregulated after TBS included Mapk1, involved in proliferation and differentiation, and Tubb5, which codes structural cytoskeleton microtubular proteins. Amongst the genes with expression significantly downregulated by MCAO, Bdnf was significantly increased by 5Hz, cTBS and iTBS (a 6-fold increase), while Bai1, Fos and Jun were upregulated only after iTBS.
The majority of genes showing increased expression following rTMS are involved in neurotransmission and plasticity across several neurotransmitter pathways. Among the examined genes related to glutamate pathways, iTBS induced significant upregulation of Gls, which codes for the enzyme directly involved in the presynaptic terminal conversion of glutamine to glutamate. The mRNAs of all four subunits (Gria 1-4) of the glutamate ionotropic AMPA receptor, as well as mRNAs of the glutamate NMDA receptor (Grin2a and 2c), were upregulated after iTBS. Upregulated mRNAs related to GABA signaling included Gabbr1, which codes the component of the heterodimeric G-protein coupled GABA receptor, and Gad1 and Gad2, which encode the glutamic acid decarboxylase responsible for catalyzing GABA biosynthesis. Several genes involved in the endocannabinoid system were also upregulated. The following were all significantly upregulated after iTBS: Dagla, which encodes a diacylglycerol lipase enzyme involved in the generation of anandamide; Faah, which catalyzes degradation of the endocannabinoid class of signaling lipids; and Cnr1, a type 1G protein-coupled cannabinoid receptor activated by the endocannabinoid neurotransmitters like anandamide, and Napepld involved in endocannabinoid biosynthesis. Upregulated genes related to neuronal plasticity and GPCR signaling included the following: App, involved in regulation of synapse formation and plasticity though regulation of Ca 2+ channels; Arrb1, involved in agonist-mediated desensitization and downregulation of GPCR receptors; and Drd2, a dopamine receptor D2. Finally, after iTBS, the neurotrophin Bdnf and other genes related to Bdnf pathways were upregulated, including Adcy8 involved in the modulation of G protein activity and Gadd45b involved in the regulation of growth.
QRT-PCR gene expression
Changes in expression, comparable to those detected by the low-density arrays, were confirmed in three genes examined by fast real-time RT-PCR. Increases in expression were seen in Gabbr1 (3.29-fold), Gria2a (4.13-fold) and Bdnf (6.26-fold), respectively. These findings were similar to the fold-changes seen with the low-density array of 3.37, 3.16 and 5.82-fold for these three genes, respectively. The degree of RQ variation between repeated samples from different animals was below 0.5.
Discussion
The principal findings of this study have demonstrated that rTMS has the potential to influence the expression of genes involved in regulating multiple and diverse pathways and processes, including those involved in the brain response to ischemia. They also show that changes depend on rTMS pattern and frequency with only iTBS inducing significant changes in gene expression. The results confirm and extend earlier suggestions that rTMS in stroke may enhance the overall brain response to ischemic injury. They also suggest that this may be facilitated through activation of diverse neuronal and network level pathways spanning neuroprotection, cellular repair, remodeling and neuronal plasticity.
MCAO induced lesion and the neurological deficits
The transient MCAO is a widely-used model of stroke because it closely mimics human stroke induced by occlusion of a large artery [44, 45] . In the present study, MCAO induced reproducible cortical injury similar in extent and localization to reported data [45] [46] [47] . Namely, the pattern of TTC staining and the volume of infarcted brain tissue did not differ significantly between animals 48 hours after MCAO. It should be noted though that in this study TTC staining was performed 48 hours after MCAO. This may have affected the detection of the infarcted area and the volumetry as it was suggested that TTC should not be used beyond 24 hours since the inflammatory cells harbor intact mitochondria [48, 49] . Damage to such widespread and functionally diverse brain regions produced significant motor impairment, as evidenced by significant increase in 5-point neurological deficit score (median BS = 3) and significant decrease (by 6.8 points) of 21-point BDS score at 48h in all MCAO groups. The character and the extent of neurological deficits were comparable to previously reported ones [31] [32] [33] 35] .
Changes in gene expression after MCAO
The number of genes reported in studies examining global gene expression changes after cerebral ischemia varies considerably spanning 150 [50] to 700 genes [42] . Furthermore, regulated genes show large variations in expression depending on postischemic time [41] . It was also shown that gene expression in the rat brain, although similar, differs between cortical regions, with 30 genes found to be enriched in the frontomedial cortex [51, 52] . In this study, genes were selected based on their distinct appearance in the frontal cortex [51, 52] and level of modulation by ischemia [41, 43, 53] . Selection was also based on the limited data on genes shown to be regulated by rTMS [38, 54, 55] . We also included several genes that may show regulation by rTMS, including those involved in regulation of synaptic plasticity. Thus, although we examined fewer genes than traditionally reported, these genes provided broad insight into the effects of rTMS on the ischemic brain. Stroke alone induced changes in gene expression spanning several functional categories, which were comparable to changes in gene expression reported in earlier studies [41] [42] [43] 56, 57] . For example, several genes related to angiogenesis, a natural defense mechanism set to restore oxygen and nutrient supply after stroke, were significantly upregulated two weeks after MCAO. Other regulated genes included immediate early genes, heat shock proteins, anti-oxidative enzymes, trophic factors, and genes involved in RNA metabolism, inflammation and cell signaling. The expression of Gfap, an established marker of astrocyte activation in brain ischemia, also increased significantly, further suggesting that the developed model was reproducible and comparable to already-established changes in ischemia, providing suitable substrate to explore the effects of rTMS.
rTMS induced changes in gene expression in stroke
Two weeks of rTMS induced significant increases in expression of a number of genes across several functional categories. The effects of rTMS on genes related to angiogenesis may appear quite limited, as judged by the significant upregulation of only Bai1 and Vegfa, yet they deserve further attention. Namely, although none of the changes were significant, Angpt1 showed a 2-fold change after cTBS and a 2.2-fold change after iTBS, while Angpt2 reached a 2-fold change after cTBS. Other genes in this functional group like Cxcr4 and Fgf2 were upregulated by stroke and further increased after rTMS, but did not reach statistical significance. The fact that the expression of these genes changed in TBS groups, but not in the 1Hz and 5Hz groups, suggest that rTMS may affect angiogenesis-related genes. This finding is partly corroborated by the significantly increased expression of Vegfa after iTBS, which is involved in regulation of Angpt2.
The former findings also apply to genes involved in inflammation and injury. The genes that were upregulated by stroke were not significantly changed by rTMS, except for Tnf, which encodes a multifunctional proinflammatory cytokine known to be involved in the regulation of a wide spectrum of biological processes including cell proliferation, differentiation and apoptosis. Interestingly, although not reaching significance, GFAP expression was 1.8-fold higher after cTBS and iTBS, while there were no changes after 1Hz and 5Hz (0.9-fold change) (see Table 2 ). Earlier studies showed that acute application of rTMS (25 Hz) induced a profound but transient increase in GFAP [58] , while chronic (11 weeks) rTMS had no effect [25] . Current results suggest the opposite effect, as if TBS may increase GFAP expression after two weeks of stimulation in MCAO, while low-rate rTMS (1Hz and 5Hz stimulation) has no effect.
Among the genes related to neuroprotection, cellular repair and remodeling, rTMS significantly influenced expression of several genes, including the immediate early genes Fos, Jun and JunB. In normal healthy animals, Fos expression was upregulated after single exposure to 1 and 10 Hz rTMS [38] , as well as after chronic (14 days) exposure of 20 Hz rTMS [54] . In MCAO, chronic (7-28 days) exposure of 0.5 Hz rTMS induced significantly increased expression of Fos [59] . In the present study, Fos increased after TBS, but not after 1 and 5 Hz rTMS, suggesting that the effects may depend on stimulation frequency and/or stimulation pattern. Upregulation of Jun expression, which was also demonstrated earlier after acute rTMS [60] , suggests that it may interact with downstream apoptotic mechanisms [43] and potentially the brain's metabolic response to ischemia [61] . Research has also shown that rTMS may produce increased neuronal survival and a smaller infarcted area after MCAO ischemia-reperfusion [62] ; it may also significantly increase expression of the antiapoptotic factor Bcl-2 in the infarcted area, associated with improved learning and memory [63] . Other studies have also suggested antiapoptotic effects of rTMS in subacute cerebral ischemia [24] and bilateral MCAO in rats [23] . Extending these findings, this study reports changes in JunB and other genes related to apoptosis, cellular repair and remodeling (Creb1, Epn2, Mapk1, Plat, and Tubb5), suggesting that rTMS may have more profound effects on apoptosis and remodeling in MCAO. Along the same lines is the finding of upregulation of MMP-9, which in chronic stroke may be involved in neurovascular remodeling, thus promoting brain tissue repair and regeneration during delayed phases after stroke [64] . Finally, GADD45, which is involved in modulation of the cell response to stress was also upregulated by iTBS. Thus, it appears that rTMS may support endogenous mechanisms of neurovascular remodeling in the perilesional cortex as intrinsic (adaptive) repair responses become activated after injury. The main impact of rTMS after stroke was found in the expression of genes related to neurotransmission and plasticity, most of which were not changed by MCAO alone. In the glutamatergic pathway, the effects of rTMS suggest increased presynaptic glutamate production (upregulation of Gls) and NMDA (Gria 1-4) and AMPA (Grin2a and 2c) receptor expression. The ability of rTMS to induce changes in brain activity that last after stimulation relates to changes in synaptic plasticity [65] [66] [67] [68] , similar to long-term potentiation and depression-like mechanisms [69, 70] ; thus, it involves modification of activation and activity in the NMDA receptor systems [67, 71] . Enhanced functional and structural plasticity after rTMS is also supported by data showing that long-lasting rTMS induces increased glutamatergic synaptic strength in the hippocampus, accompanied by structural remodeling of dendritic spines [72] . The results of changes in gene expression in our study strongly suggest enhanced synaptic plasticity after rTMS in stroke. This possibility is further corroborated by the significant functional recovery at 17d of animals in the iTBS group. In the GABAergic pathway, rTMS significantly upregulated the GABA B receptor (Gabbr1) mRNA, as well as genes involved in the control of GABA biosynthesis (glutamate decarboxylase, Gad1 and Gad2) in the cortical inhibitory interneurons of normal rats, single application of rTMS affects the expression of glutamate decarboxylase isoforms GAD67 and GAD65, activity-dependent proteins which are coded by Gad1 and Gad2 [73] . Furthermore, changes in the expression of these two glutamate decarboxylase isoforms (GAD67 and GAD65) follow complex patterns after rTMS [74] , which also depend on the duration of rTMS [75] . While the effects of increased expression of genes related to GABA may be related to its general role in enhancing neuroplasticity and promoting functional recovery, its effects in stroke may require optimal timing, as recently suggested [76] .
The data regarding effects of rTMS on the endocannabinoid system are sparse and have not been reported previously, particularly not in stroke. The main effects of rTMS seem to enhance endocannabinoid biosynthesis (upregulation of Dagla, Napepld and Faah) as well as cannabinoid receptor activation and/or synthesis (upregulation of Cnr1). So far, the effects of rTMS on the endocannabinoid system have been demonstrated in relation to depression, effects that seem to be mediated through the Cb1 hippocampal cannabinoid receptor [77] . In stroke, the role of the endocannabinoid system is still poorly understood, but current evidence suggests that its activation may be protective, particularly in relation to reperfusion injury [78] .
Finally, the potential of rTMS in promoting neuroprotection and plasticity in stroke is further corroborated by the results that showed a significant increase in expression of genes involved in GPCR signaling (Arrb1, Adcy8 and Bdnf). Bdnf is the most abundant neurotrophin in the CNS and has been associated with numerous functions, such as synaptic plasticity, neurogenesis, motor neuron survival and plastic responses related to motor skill learning and hypoxic ischemic brain injury [79] . Bdnf is also involved in neuronal survival, protecting against neuronal loss while increasing the function of surviving neurons [80] . iTBS induced significant increases in expression of Bdnf (6-fold), whereas earlier studies showed increased Bdnf expression after long-term rTMS in normal rats [81] , and after 0.5 Hz rTMS after MCAO [59] . Altogether, our results suggest that rTMS increases expression of genes related to multiple processes that are likely to promote recovery after stroke.
Changes in gene expression and recovery of behavior deficits depend on the characteristics of the rTMS protocol Functional effects of rTMS on cortical excitability are determined by the stimulation intensity, frequency and overall stimulation pattern. Studies in human subjects suggest that the direction of changes depend on stimulation frequency and the theta-burst train pattern. High-frequency (> 4 Hz) increases and low-frequency rTMS decreases the excitability [1] , whereas an intermittent TBS train enhances, and a continuous TBS train tends to lower the cortical excitability [2] . One of the main aims of this study was to compare the effects of rTMS protocols, which depress (5 Hz and iTBS) or potentiate (1Hz and cTBS) the cortical excitability. This assumes that they may induce disparate effects on gene expression because they most likely differentially affect NMDA-dependent synaptic plasticity. In each protocol, the number of pulses, overall duration of the stimulation and the stimulation intensity were the same. Therefore, the results demonstrate that changes in gene expression in stroke depend primarily on the stimulation pattern (iTBS vs. cTBS) and frequency (1Hz and 5Hz vs. iTBS). Furthermore, they are not related to the direction of the immediate change in cortical excitability. Earlier studies also suggested that long-term 1 Hz stimulation has limited effects on the cortical markers of neuroplasticity [82] . Meanwhile, increased GABA cortical signaling was also reported after long-term 1Hz rTMS, suggesting strengthened cortical inhibition in normal rats [73] . In addition to the stimulation frequency, the absence of effects for chronic 1 HZ stimulation in this study may also relate to altered cortical conditions due to stroke. Conspicuously, several genes showed decreased expression (22 genes with <0.7 fold change) after 1 Hz stimulation, whereas no genes had decreased expression after TBS. Although cTBS appears to be rather ineffective in altering gene expression compared to iTBS, it should be noted that a considerable number of genes were altered after cTBS without reaching significance. The potential difference in the effectiveness between cTBS and iTBS may relate to their cell-type specific effects, particularly in terms of cortical inhibitory interneurons [73] , causing differential modulation of their activity [83] and differential activation of pathways in stroke. Differential effects of TBS patterns may also depend on the synaptic connectivity and preferred discharge pattern for these inhibitory neurons [83] . In stroke, this physiological difference may have been further potentiated, rendering certain cortical inhibitory subsystems more or less susceptible to stimulation.
The results of changes in neurologic deficits (BDS) after MCAO and two weeks of rTMS further corroborate the aforementioned conclusions. The improvement in BDS were significantly superior after iTBS stimulation compared to other stimulated groups, strongly arguing for its effectiveness in promoting recovery.
Methodological aspects and limitations of this study
Brain tissue for gene expression analysis was taken from the cortical areas surrounding the injured core. This method was considered appropriate because the characteristics of the cortical effects in MCAO with reperfusion in rats closely resemble the time course and clinical realities of human stroke. Namely, in MCAO with reperfusion, the ischemic core involves the striatum, which remains densely ischemic, while the overlying cortex undergoes delayed, progressive neuronal death, practically representing ischemic penumbra in this model [84] . Changes in dorsolateral cortex are associated with delayed inflammatory mediators of ischemic cell death and with induction of many hypoxia-induced genes involved in neuroprotection [47] . These genes are induced solely in the cortex, making it the main target for neuroprotective therapies. Because rTMS cannot selectively target the core, penumbra or healthy tissue surrounding the penumbra, it instead affects all of them. Therefore, it appeared warranted to sample changes in gene expression from both the penumbra and healthy surrounding tissue, as they hold restorative potential after stroke.
The use of rTMS in stroke is based on the assumption that it may improve motor function by facilitating the volitional recruitment of corticomotor output neurons, and/or that it may help to re-establish a functional balance between the damaged and undamaged hemisphere. The second assumption, based on the interhemispheric imbalance model [6, 85] argues for the use of rTMS to suppress the excitability of the contralesional hemisphere or to boost cortical excitability in the ipsilesional hemisphere, releasing it from excessive interhemispheric inhibition. Although the current study was not designed to explore this hypothesis, it showed the relative ineffectiveness of cTBS in altering gene expression in the lesioned hemisphere. In human chronic stroke, cTBS applied over the non-lesioned primary motor cortex had no effect on the cortical excitability of the motor cortex of the affected hemisphere [86] . However, in acute stroke, cTBS induced a facilitation when applied over the cortical motor hand area of the intact hemisphere [87] .
It should also be noted that no significant difference was found in the volume of MCAOaffected brain tissue after rTMS compared to MCAO alone at 17d; there was, however, a trend toward reduction. Earlier studies that examined the spatio-temporal dimensions of ischemic regions showed a similar distribution and size of lesioned areas 7 days after MCAO [47] , thus observed changes in volume may be more related to natural evolution of the ischemic injury rather than to rTMS effects.
Certain limitations of the study should be considered when interpreting the results. Excitatory and inhibitory rTMS effects on cortical excitability are primarily based on their immediate effect on the normal brain when probed by MEP. At present, the extent to which they follow the same pattern in a brain stroke remains unclear. Nevertheless, the current results provide insight into the modulation of gene expression by these rTMS protocols, demonstrating that these changes most likely do not depend on the direction of initial changes in excitability. rTMS was performed by standard stimulation coil in this study, causing activation of not only the cortex but also of subcortical structures due to the small size/volume of the rat brain [62, 88] . To this ends, an ancillary observation relates to changes in expression of genes in the contralateral hemisphere after rTMS (not shown), which showed no significant changes. Finally, having found changes in expression of more than 50 genes, the study could not establish and quantify the extent to which these genes lead to changes in related proteins; thus, further studies are needed to establish the functional outcomes of changes in gene expression described in this study.
Conclusions
In summary, the results show that mapping of the gene response may provide significant insight into alteration of molecular pathways and the effects of various rTMS protocols on these pathways in brain ischemia. The results also show the differential effectiveness of various rTMS protocols in inducing changes in gene expression after ischemic-reperfusion brain injury, emphasizing the importance of choice of rTMS protocol when applied over the lesioned stroke hemisphere as therapeutic intervention. Furthermore, they show that the iTBS protocol is the most effective one, affecting a multitude of genes, including those involved in angiogenesis, response to injury, cellular repair, structural remodeling, neuroprotection, neurotransmission and neuronal plasticity. Further studies are needed to underpin the mechanisms of rTMS modulation of gene expression and the eventual role of final products of gene activity in recovery after ischemic brain injury. 
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